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Nucleocapsid envelopmentrovirus (BmNPV) ORF41 (Bm41), homologous to Ac52, is a gene present in most
lepidopteran nucleopolyhedroviruses. Bm41 transcripts and encoded protein in BmNPV-infected cells can be
detected from 3 and 6 h post-infection, respectively. Immunoassays have shown that Bm41 is not a viral
structural protein and is detected in both the nuclei and cytoplasm of infected cells. A Bm41-disrupted virus
(vBmDe) and a repaired virus (vBmRe) were generated to investigate the function of Bm41. The results
showed that Bm41 was essential for viral replication, and the disruption of Bm41 resulted in a much lower
viral titer. Transmission electron microscopy revealed that disruption of Bm41 affected normal nucleocapsid
envelopment and polyhedra formation in the nucleus. The disruption of Bm41might severely affect odv-ec27
and polyhedrin expression. The disrupted virus reduced BmNPV infectivity in an LD50 bioassay and took 18–
23 h longer to kill larvae than wild-type virus in an LT50 bioassay.
© 2009 Elsevier Inc. All rights reserved.Introduction
Baculoviruses are arthropod-speciﬁc viruses that have been
isolated from more than 600 host insect species (Slack and Arif,
2007). Baculoviruses play an important ecological role in regulating
the sizes of insect populations (Odindo, 1983). During an infection
cycle, a baculovirus typically produces budded virus (BV) and
occlusion-derived virus (ODV) forms. Mature BV exits the nuclei of
infected cells and buds off through the plasma membrane. It is highly
infectious in hemocoel tissues in vivo and cultured cells in vitro, while
ODV is responsible for horizontal transmission between insect hosts
(Keddie et al., 1989).
The open reading frame 41 (ORF 41) (Bm41) of Bombyx mori NPV
(BmNPV) (T3 strain, nt 39204–39788) is a homologue of Ac52. It
encodes a putative protein of 266 amino acid residues with a
predicted molecular weight of 23.3 kDa, and it possesses a typical
early promoter motif, CAGT. Homologues are present in most
sequenced lepidopteran NPVs, although its function has been poorly
understood until now.
In this report, we generated a BmNPV bacmid in which Bm41 was
disrupted by homologous recombination in Escherichia coli, and we
characterized it both in vivo and in vitro. We found that the Bm41
mutant affected the levels of viral DNA replication and reduced BV
production. Electron microscopy showed that the disruption of Bm41ll rights reserved.greatly inﬂuenced nucleocapsid envelopment, although western blot
analysis revealed that Bm41 is not a structural protein component of
BV or ODV. Larval bioassays showed that the infectivity of the mutant
virus was greatly reduced, as it took approximately 23 h longer than
wild-type virus to kill B. mori larvae. We also examined Bm41
transcription and expression patterns, as well as its localization in
virus-infected BmN cells. Our results suggest that Bm41 plays an
important role in nucleocapsid envelopment and BV production in
cultured cells, as well as in larvae.
Results
Construction of Bm41 mutant, repaired and wt bacmids
The role of Bm41 in the viral life cycle was determined by
evaluating the phenotypes of three recombinant bacmids containing
gfp and polyhedrin, viz. a Bm41 mutant clone (vBmDe) and a repaired
bacmid (vBmRe) (Fig. 1A), along with a wild-type positive control
BmNPV bacmid (vBm) (Fig. 1B). The vBmDe bacmid was generated by
insertion of a cat gene into the Bm41 ORF via the λ Red recombination
system. All of the recombinant bacmids were veriﬁed by PCR analyses
(Figs. 1C, D).
The PCR primers Bm39814 and Bm39204 produced single
fragments of 1.56 kb and 0.61 kb for vBmDe and vBm, respectively
(Fig. 1C). The primer pair Bm39814/cat R did not generate a PCR
product from vBm, but a 1.01 kb fragment was obtained from vBmDe.
Similarly, the primer set Bm39204/cat F yielded no product fromvBm,
Fig. 1. Construction of Bm41 disrupted, repaired and wt BmNPV bacmids. (A) Schematic diagram for construction of the Bm41 disrupted and Bm41 rescued bacmids by recombination
in E. coli. A cat cassette was inserted into Bm41 ORF to give the disrupted mutant. Positions of primer pairs used for conﬁrmation of the Bm41 disrupted bacmid are indicated. The ph,
egfp and Bm41 repaired genes, along with the gentamicin resistance gene (Gm) were inserted into the polyhedrin locus of the BmNPV bacmid to generate vBmDe and vBmRe Bacmid.
(B) The BmNPV bacmid (vBm) containing ph, Gm and egfp in the polyhedrin locus, as a positive control virus. (C) PCR analysis of the Bm41 disrupted bacmid. The templates are
shown above each lane and the primer pairs used are shown below. (D) Veriﬁcation of the polyhedrin cassette and Bm41 cassette transposition by PCR with primers pUC/M13. The
PCR sizes (kb) are indicated with arrows and the template DNA used for PCR ampliﬁcation is labeled above the panel.
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revealed that insertion of the cat gene was successful, resulting in
disruption of the Bm41 ORF within vBmDe. Tn7-mediated transposi-
tion was also conﬁrmed by PCR with speciﬁc primers. The results
indicated that the ph, egfp and wt Bm41 genes had been transposed
correctly into the polyhedrin locus (Fig. 1D).
Effect of Bm41 disruption on viral replication
Fluorescence microscopy of BmN cells transfected with the vBm
and vBmRe bacmids showed similar steady increases in the number of
ﬂuorescent cells from 24 to 72 h p.t., while vBmDe-transfected cells
showed only a trivial increase in the number of infected cells (Fig. 2A).
To assess the effect of Bm41 disruption on virus replication, an
initial transfection–infection assay was performed as described
previously (Lin and Blissard, 2002a, 2002b). The result revealed that
viral replication from 24 to72 h p.i. showed a substantial and steady
increase in the number of cells infected by the wt and repaired
bacmids. However, there was only a slight increase in the quantity of
cells infected by the Bm41-disrupted bacmid (Fig. 2B). Microscopy
revealed that occlusion bodies were formed in a number of vBm- orvBmRe-infected cells by 120 h p.i., but in none of the vBmDe-infected
cells (Fig. 2C), even 12 days after infection. This suggested that
disruption of Bm41 disabled occlusion body formation.
To further evaluate BV production and determine replication
kinetics, a virus growth curve analysis was performed with a TCID50
(50% Tissue Culture Infective Dose). BmN cells infected with vBm and
vBmRe showed steady increases in virus production with the slope of
one growth curve showing no signiﬁcant difference from the other. On
the other hand, the virus production in BmN cells infected with vBmDe
wasmuch lower (4.64×106 TCID50/ml at 120 h p.i.) than those of vBm
and vBmRe (6.17×109 TCID50/ml) (Fig. 2D).
Effect of Bm41 disruption on viral DNA replication
To determine the effect of Bm41 disruption onviral DNA replication,
BmNcellswere infected for 1 h at a highMOI of 16with either vBmDe or
vBm. After infection, the supernatant was replacedwith freshmedium
and antiserum against Bm-GP64 was supplied to block a secondary
infection. Viral genomicDNAwasharvested at 0,12, 24 and48hp.i. and
quantiﬁed by qPCR. At 0 h p.i., the average quantity of DNA in vBmDe
was equal to that of vBm. From 12 to 48 h p.i., the numbers of viral DNA
Fig. 2. Analysis of virus replication in BmN cells. (A) Fluorescence microscopy of vBm, vBmDe and vBmRe transfected BmN cells at 24 and 72 h p.t. (B) A transfection–infection assay.
BmN cells were infected with vBm, vBmDe and vBmRe at anMOI of 1. Fluorescencewas observed at 24 and 72 h p.i. (C) Light microscopy of vBm, vBmDe or vBmRe infected BmN cells at
120 h p.i. (D) Virus growth curves generated from an infection of BmN cells. Cells were infected at an MOI of 1 with vBm, vBmRe and vBmDe virus. Supernatant was harvested at the
indicated time points and assayed for the production of infectious virus by TCID50 assay. Each datum point represents the average from three independent infections. Error bars
represent the standard errors.
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with vBm (Fig. 3). The neutralization efﬁciency of anti-GP64 serum to
block secondary BV infection was veriﬁed by titer determination. No
infectious BVwas detected in themediumof vBm- and vBmDe-infected
cells at 12 h p.i., suggesting nearly no secondary infection at this time
point. The titers of vBm and vBmDe at 48 h p.i. were only 4.47×105
TCID50/ml and 1.33×103 TCID50/ml, respectively, much lower than
those left unblocked (the unblocked BV titer of vBm and vBmDe at 48 h
p.i. were 8.32×107 TCID50/ml and 2.07×104 TCID50/ml, respectively).
These results suggested that disruption of Bm41 affected viral DNA
replication.Electron microscopy analysis
In order to evaluate the effect of Bm41 disruption on occlusion
derived virus and polyhedra formation, thin sections of infected BmN
cells (MOI of 1) were collected at 72 h p.i. and analyzed by electron
microscopy (Fig. 4). As expected, we observed the typical appearance
of virogenic stroma and an extensive number of rod-shaped
nucleocapsids and polyhedra in the nuclei of vBm- and vBmRe-
infected cells (Figs. 4A, C). The nuclei of vBmDe-infected cells also
displayed virogenic stroma and nucleocapsid bundles arranged in an
orderly manner (Figs. 4B, E), however, very few of the nucleocapsid
Fig. 3. Real-time PCR analysis of viral DNA replication. Total cellular DNA was extracted
from triplicate infections for each time point, digested with DpnI. Five nanograms of
each DNA samplewere used as template and analyzed by qPCR as described inMaterials
and methods. Error bars represent standard deviation.
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present in these infected cells (Fig. 4D). There was evidence of BV
budding in some of the cells infected with vBmDe (Fig. 4F). Thus, the
above observations indicated that Bm41 might be involved in ODV
envelopment and polyhedra formation.
Effect of Bm41 disruption on virus infectivity in B. mori larvae
The infectivities of vBm, vBmDe and vBmRe were compared in ﬁfth
instar B. mori larvae with 50% lethal dose (LD50) and 50% lethal time
(LT50) bioassays. The LD50 of the Bm41 disrupted virus was observed
to be approximately 14-fold higher than wt virus (Table 1), while its
LT50, with BV doses of 20,000 and 2000 pfu., was about 18–23 h longer
than the repaired and wt viruses (Table 2). These data suggested that
the disruption of Bm41 depressed the efﬁciency of virus infection in
B. mori larvae.
BV production in the hemolymph of B. mori larvae
Fifth instar B. mori larvae were injected with BV from vBm, vBmDe
and vBmRe (20,000 pfu/larva) and the BV titers in hemolymph were
determined after 6.5 days. The Bm41mutant virus produced a level of
titer two orders of magnitude less than titers observed from the Bm41
repaired and wt viruses (Fig. 5). These observations indicated that
disruption of Bm41 affected BV production in vivo.
Time course analysis of Bm41 transcription in infected BmN cells
RT-PCR was performed to determine the quantity of Bm41
transcript at different time points during infection. Total RNA isolated
from BmNPV (T3 strain)-infected BmN cells was used as template for
the reactions. The β-actin RT-PCR product was set as the control. A
band with an expected size of 585 bp was ampliﬁed as early as 3 h p.i.
and remained detectable up to 72 h p.i. (Fig. 6A). Thus, the Bm41
transcript might belong to the early class of baculovirus transcripts.
Time course analysis of Bm41 expression and the speciﬁcity of the
antibody against Bm41
A polyclonal antibody prepared from rabbits infused with a
puriﬁed GST-Bm41 fusion proteinwas used for time course expression
analysis. A western blot analysis of BmNPV infected BmN cells using
this polyclonal antibody against Bm41 revealed a time-dependent
speciﬁc immunoreactive band of approximately 35 kDa at 6 h p.i.,
which remained detectable up to 96 h p.i. (Fig. 6B) and was consistent
with the transcriptional analysis of the Bm41 gene. However the
molecular mass of the detected protein (35 kDa) was larger than the
predicted putative Bm41 gene product (23.3 kDa). To conﬁrm thespeciﬁcity of the antibody against Bm41, BmN cells infected with the
vBmDe virus were subjected to western blot analysis. No band was
detected in vBmDe infected cells (Fig. 7A), excluding the possibility
that the anti-Bm41 serum recognized a non-related viral protein in
addition to Bm41. The discrepancy of the predicted and observed
molecular weights might be due to post-translational modiﬁcations, a
protein complex or some other processed functional form.
Immunodetection of the Bm41 protein in ODV and BV
Puriﬁed ODV and BV were subjected to western blot analysis to
determine whether Bm41 protein was associated with ODV and BV,
but no predominant band was detected with antiserum against Bm41
(Fig. 7B). The efﬁcacy of the fractionation was examined by an
immunoassay with antibodies against Bm56 (an ODV-speciﬁc
protein) (Xu et al., 2008) and GP64 (a BV-speciﬁc protein) (Volkman,
1986). When anti-Bm56 and anti-GP64 antiserumwere used, positive
bands of 43 and 64 kDa were detected in the ODV fraction and BV
fraction, respectively, as expected (Fig. 7B). Thus, the separation of
ODV and BV was considered to be pure. The above results suggested
that Bm41 was not a structural protein associated with ODV or BV.
Effect of Bm41 disruption on late genes expression
To determine if the disruption of Bm41 would affect expression of
some late genes associated with ODV and polyhedra, western blot
analyses were conducted using antiserum against Bm79 (an ODV
envelope protein) (Xu et al., 2006), ODV-EC27 and the major
polyhedron protein polyhedrin. The results showed that, in cells
infected with Bm41 disrupted virus, the expression of Bm79 was
largely unperturbed at 72 h p.i., while ODV-EC27 was only weakly
detectable and polyhedrin was no longer detectable (Fig. 7C),
suggesting that some late genes associated with ODV and polyhedra
may be directly or indirectly regulated by Bm41.
Localization of Bm41 in BmNPV-infected BmN cells
Confocal laser scanning ﬂuorescence microscopy was utilized to
determine the cellular localization of Bm41 protein in host cells. The
results showed that Bm41 was localized both in the cytoplasm and
nucleus of the infected BmN cells at 24 to 72 h p.i. (Fig. 8). No
ﬂuorescencewas detected in control samples (Fig. 8). Preimmune sera
did not react with uninfected or infected samples, and anti-Bm41 was
unreactive in uninfected cells.
Discussion
Gene sequence BLAST searches showed that Bm41 and its
homologues are present in 25 of the lepidopteran NPV genomes
sequenced to date, including genomes of Group I NPV and Group II
NPV members. However, these genes are not present in the genomes
of seven lepidopteran NPVs, including Antheraea pernyi NPV, Anti-
carsia gemmatalis NPV, Choristoneura fumiferana DEF MNPV, C.
fumiferana MNPV, Epiphyas postvittana NPV, Hyphantria cunea NPV
and Orgyia pseudotsugataMNPV. None of its homologues are found in
lepidopteran GVs or in other baculoviruses. Thus, Bm41 and its
homologues are speciﬁc to particular lepidopteran NPVs, suggesting
that in many other baculovirus host systems the function of this gene
may not be required or other viral or cellular factors may compensate
for its absence.
To investigate the role of Bm41, viruses with a disrupted Bm41 gene
(vBmDe) and a repaired virus (vBmRe) were generated. Electron
microscopy revealed that disruption of Bm41 affected nucleocapsid
envelopment during the formation of a mature ODV and polyhedron.
The lack of polyhedron formation was in agreement with light
microscopy analysis. Our western blot analysis demonstrated that
Fig. 4. Electron microscopy analysis of vBm, vBmDe and vBmRe infected BmN cells to characterize Bm41 disrupted mutant. (A) Image of polyhedra within the nucleus of a BmN cell
infected with vBm at 72 h p.i. Note the normal virions embedded in the polyhedra (white arrow) and enveloped virions containing nucleocapsid (black arrow). (B) Bundles of
nucleocapsids arranged in an orderlymanner within the nucleus of a BmN cell infectedwith vBmDe at 72 h p.i. (arrow indicated). (C) Image of a polyhedron and several nucleocapsids
enveloped in a BmN cell infectedwith vBmRe at 72 h p.i. (indicated with arrows). (D)Most nucleocapsids arewithout envelopes, only one nucleocapsid appears enveloped positioned
near vesicles in a vBmDe-infected BmN cell at 72 h p.i. (indicated by white arrow). (E) Virogenic stroma (VS) appears in the nucleus of a BmN cell infected with vBmDe at 72 h p.i.
(indicated by arrow). (F) BV budding from cytoplasm of a BmN cell infected with vBmDe virus (indicated by arrows). Cy, cytoplasm; Nu, nucleus; Ph, polyhedra. Bars, 0.2 μm
(E). 0.5 μm (A–D, F).
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perturbation in ODV envelopment does not result from a lack of
structural integrity due to the absence of Bm41. The cellular
localization of Bm41 suggested that it may have multiple functions
in both the nucleus and the cytoplasm. The time-sensitive RT-PCR and
western blot results indicated that Bm41 is an early transcriptional
gene, a notion that is corroborated by the identiﬁcation of the typical
early promoter motif CAGT 146 nt upstream of the translation
initiating ATG codon. However, the Bm41 transcripts also remaindetectable in the late stage of infection. We are not sure if these
transcripts are actually produced in the late stage or if they are
transcribed in the early stage and remain stable throughout. As an
early gene, it may also regulate expression of other late genes. Electron
microscopy suggested that the expression of some late genes
associated with ODV and polyhedra may be affected by disruption of
Bm41, with consequent inhibition of ODV envelopment and formation
of occlusion bodies. To conﬁrm this, we checked the expression of
some late genes associated with ODV and polyhedra by western blot
Fig. 5. BV production in the hemolymph of B. mori larvae infected with vBm, vBmDe and
vBmRe. Fifth instar larvae were injected with BV of vBmDe, vBmRe and vBm (20,000 pfu/
larva). The hemolymph was collected 6.5 days p.i., and BV titers were determined by
TCID50.
Table 1
Dose–mortality of vBm, vBmRe and vBmDe, for ﬁfth-instar B. mori larvae
Virus LD50 (pfu) 95% conﬁdence limits (pfu)
Lower Upper
vBm 145.19 87.21 227.04
vBmRe 165.04 95.50 266.00
vBmDe 2159.05 1256.55 4043.64
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showed that expression of Bm79 was not obviously impaired, but
expression of ODV-EC27 was sharply down-regulated, and polyhedrin
was no longer detectable (Fig. 7C). ODV-EC27 is a virion-associated
protein. It was also suggested that AcMNPV ODV-EC27 (Ac144) was a
multi-functional cyclin and may be involved in regulating the cell
cycle during virus infection (Belyavskyi et al., 1998). The down-
regulation of the ODV-EC27 may partially account for the changes in
ODV envelopment when Bm41 is disrupted. Polyhedrin is the main
component of the polyhedra, and lack of polyhedrin expression in
Bm41 disrupted virus infected cells may account for the absence of
polyhedra formation. In a baculovirus genome, other genes such as
p48 (Yuan et al., 2008) are also associated with the ODV envelopment
and their subsequent occlusion. The exact mechanism by which Bm41
affects ODV maturation and polyhedra formation remains unclear, as
does any possible regulation by Bm41, direct or indirect, on other late
genes.
Bioassay results in the present study showed that the disruption of
Bm41 extended the LT50 and increased the LD50 as compared to the
controls. This is consistent with the reduction of BV production
detected in vitro and in vivo and hinted at a reduction in both
infectivity and virulence of the virus harboring the disrupted Bm41
gene. BV titrations indicated that the disruption of Bm41 greatly
reduced BV production in cells. A similar phenomenon was also
observed when pe38 (Milks et al., 2003), pp31 (Yamagishi et al.,
2007), Ac66 (Ke et al., 2008), exon0 (Fang et al., 2008; Dai et al., 2004),
Acp26 (Simón et al., 2008) and Bm9 (Yang et al., 2009) were deleted.
For example, the BV titers of pp31 and Bm9 deletion mutants were
approximately 10% of those of the corresponding wt viruses. The
levels associated with the Ac38 mutant virus were 300 times lower
than that of its wild-type virus (Ge et al., 2007), and Ac66 null virus
reduced the level of BV production over 99% (Ke et al., 2008). Deletion
of Bm41, similar to deletion of exon0, reduced cellular BV levels by at
least 3 orders of magnitude as compared to wild-type virus infection.
The Bm9, pp31, exon0 and Ac66 null viruses exhibited identical levels
of DNA replication to those of wt bacmid virus, whereas the Bm41 nullTable 2
Time–mortality of vBm, vBmRe and vBmDe for ﬁfth-instar B. mori larvae
Virus/dose
per larva (pfu)
LT50 (pfu) 95% conﬁdence limits (pfu)
Lower Upper
vBm
20,000 141.41 139.19 143.52
2000 147.70 144.90 150.44
200 161.46 154.72 170.66
20 –a –a –a
vBmRe
20,000 144.61 142.32 146.81
2000 147.84 145.05 150.56
200 162.60 156.03 171.68
20 –a –a –a
vBmDe
20,000 164.59 160.48 169.67
2000 165.65 161.41 170.95
200 –a –a –a
20 –a –a –a
a Final mortality was b50%.virus behaved similarly to the pe38 and Ac38 null viruses by reducing
the viral DNA synthesis level. The sharp reduction in BV production
when Bm41 was disrupted might have partially resulted from the
reduction of the DNA replication level of infected cells. It has been
reported that ODV-EC27 is also a component of BV nucleocapsid and
that its deletion is lethal to BV production (Vanarsdall et al., 2007).
The down-regulation of ODV-EC27 expression resulting from Bm41
disruption may be another reason for the sharp reduction of BV in
infected cells.
In summary, BmNPV Bm41 is an early gene that encodes a protein
unassociated with BV and ODV structures. Disruption of Bm41 affected
viral DNA replication and resulted in much lower BV production in
BmN cells and B. mori larvae. Additionally, disruption of the protein
reduced BV infection of B. mori and also extended the larval killing
time. Electron microscopy revealed that disruption of Bm41 affected
the normal nucleocapsid envelopment during maturation of ODV and
their subsequent occlusion. Thus, our results suggest that Bm41 is an
important, though not essential, gene for the formation of BV and ODVFig. 6. Transcription and expression time-course analyses of Bm41. (A) RT-PCR analysis
of Bm41 transcription in BmNPV-infected BmN cells. Total RNA was isolated from
BmNPV-infected cells at 0, 1, 1.5, 3, 6, 12, 24, 48, and 72 h p.i. and RT-PCR was performed
with the Bm41-speciﬁc primers 41RTP1 and 41RTP2. Size of the transcript is indicated in
bp on the right side of the panel. The β-actin RT-PCR product was used as the control.
The products were separated on a 1.0% agarose gel. (B) Time-course of Bm41 expression
in infected BmN cells. Cells were collected at 0 (mock: m), 3, 6, 12, 24, 48, 72 and
96 h p.i., and 20 mg cell lysate at each interval were subjected to western blot analysis
using anti-GST-Bm41 serum. Binding was detected with diaminobenzidine (DAB) as a
chromogenic substrate. Protein markers (M) are indicated on the left.
Fig. 7. Immunodetection of the Bm41 protein and effect of Bm41 disruption on late gene
expression (A) Western blot assay for ODV and BV of BmNPV. The lysate of infected
BmN cells, ODV and BV were subjected to western blot analysis using anti-Bm41 serum,
anti-Bm56 and anti-GP64 serum, respectively. The primary antibodies used in the
experiments are indicated to the left of each panel. (B) Western blot analysis of BmN
cells infected with vBm and vBmDe viruses. To conﬁrm the speciﬁcity of the antibody
against Bm41, preparations of vBm- and vBmDe-infected BmN cells were subjected to
western blot analysis using anti-Bm41 and anti-Bm79 sera, respectively. (C) Western
blot analysis of BmN cells infected with vBm, vBmRe and vBmDe viruses with different
primary antibodies. To conﬁrm whether late genes' expression were damaged by the
deletion of Bm41, anti-Bm41, anti-Bm79, anti-ODV-EC27 and anti-polyhedrin sera were
used as the primary antibodies for the analysis.
190 C.-H. Tian et al. / Virology 387 (2009) 184–192and is related to the efﬁciency of virus infection both in vitro and
in vivo.Fig. 8. Intracellular localization. The cells were collected at 24, 48 and 72 h p.i., washed
with 1× PBS and reacted with anti-Bm41 serum. Fluorescence was visualized by
incubating with protein G fused to enhanced green ﬂuorescent protein (egfp). For
control, preimmune serum and uninfected BmN cells were used. Control A, preimmune
serum reacted to infected cells; Control B, preimmune serum reacted to uninfected
cells; Control C, Anti-Bm41 serum reacted to uninfected cells. The nuclei were stained
with DAPI (red). The samples were observed under a confocal laser ﬂuorescence
microscope.Materials and methods
Virus, cell line and insect maintenance
BmN cells were maintained at 27 °C in TC-100 cell culture medium
supplemented with 10% (v/v) fetal bovine serum (Gibco-BRL)
(Katsuma et al., 2004). BmNPV (T3 strain) was propagated in BmN
cells. The larvae of B. mori (F1 hybrid: Qiong 10) were provided by the
Sericultural Research Institute, Chinese Academy of Agricultural
Sciences (Zhenjiang, Jiangsu Province, China) and reared as described
by Katsuma et al. (2005).
Generation of the Bm41 disrupted bacmid by ET recombination in
Escherichia coli
The bacterial strain BW25113 containing pKD46 and BmNPV
bacmid was constructed as previously described (Xu et al., 2008). A
transfer vector was generated in which the cat cassette was inserted
into the Hind III site (38 nt from the start codon ATG) in the Bm41
ORF coding region. The linear donor fragment was obtained by PCR
from the transfer vector pET-2-De41F-cat-D using primers Bm39788
(5′-ATGACGTGGCCTTATTCCA-3′) and Bm39204 (5′-TTACACGTAAAT-
TAAAAT-3′). The linear 1533 bp fragment (0.1 mg) was gel-puriﬁed
and electrotransformed into E. coli pKD46/BmBacmid/BW25113
electrocompetent cells (Datsenko and Wanner, 2000; Pijlman et al.,
2002). Bm41 disrupt recombinant bacmid DNA was extracted and
conﬁrmed by PCR analysis, and then electrotransformed into E. coli
strain DH10B, designated Bm41-disrupt-bacmid-DH10B. Subse-
quently, the helper plasmid (pMON7124) was chemically trans-
formed into Bm41-disrupt-bacmid-DH10B to generate DH10B cells
containing the Bm41-disrupt-bacmid and the helper plasmid, and
colonies resistant to chloramphenicol, kanamycin and tetracycline on
Luria–Bertani (LB) medium plates for 48 h were selected and
designated Bm41-disrupt-bacmid-DH10B-helper, and subsequently
used for marker-gene insertion.PCR conﬁrmation of recombinant bacmids
For the conﬁrmation of recombinant bacmids, four PCR primer
pairs were used to conﬁrm the Bm41 locus in the selected bacmids.
The primers Bm39204, and Bm39814 (5′-CTTTTAAACAAACGGTGCA-
GAAC-3′) were used to conﬁrm the insertion of the cat cassette.
Bm39814 is outside the ﬂanking sequences for recombination, Primer
pairs Bm39814/catR and catF/Bm39204 were used to conﬁrm the
recombination junctions of the upstream and downstream ﬂanking
regions, respectively.
Construction of BmNPV bacmid, Bm41 disrupted bacmid and Bm41
repaired bacmid containing gfp and polyhedrin
To facilitate the examination of virus infection, the ph and
enhanced egfp genes (Wu et al., 2006) were inserted into the ph
locus by using a site-speciﬁc transposon (Luckow et al., 1993; Ge et al.,
2008), The resulting constructs, pFB1-PH-GFP, was transformed into
the Bm41 disrupted bacmid DH10B-helper to obtain the Bm41
disrupted bacmid containing egfp and ph, named vBmDe. Wt BmNPV
bacmid was constructed as described previously (Ge et al., 2008) and
given the name vBm. A 1956 bp repaired fragment containing the
Bm41 native gene promoter was ampliﬁed by PCR using the BmNPV
bacmid as the template and the primer pair ReBm41F (5′-CTGCAGT-
CATGATTGCATTTTAA-3′) and ReBm41R (5′-GTCGACATGTCTAAAC-
GTGTTCGTG-3′) (PstI and SalI sites are underlined, respectively).
The PCR product was subcloned into pFB1-PH-GFP to generate the
repaired transfer plasmid pFB1-REP-PH-IG, designated as pFB1-REP-
PH-IG-41Re. This pFB1-REP-PH-IG-41Re plasmid was then trans-
formed into the Bm41 disrupted bacmid DH10B-helper to obtain the
repaired bacmid containing egfp and ph, designated as vBmRe. The
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M13R (5′-CAGGAAACAGCTATGAC-3′) primers were used for PCR to
verify successful transposition. The correct recombinant products,
vBm, vBmDe and vBmRe bacmid DNAs, were extracted and puriﬁed
with a QIAGEN large-construct kit and quantiﬁed by optical density.
Analysis of disrupted, repaired, and wt BmNPV replication in BmN cells
The recombinant viruses were obtained by transfecting BmN cells
(2×106) with 2 μg of vBm, vBmDe and vBmRe each using a TransFast
liposome (Promega). To measure the effect of the Bm41 disruption on
viral replication, a transfection–infection assay was performed to
examine the viral replication of disrupted, repaired, and wt BmNPV
bacmids in BmN cells (Lin and Blissard, 2002a, 2002b). At 120 h post-
transfection (p.t.), supernatants were collected and centrifuged to
remove cell debris and added to a second group of freshly plated BmN
cells. These cells were then incubated for up to 10 days (supplied fresh
TC-100 medium every 72 h to keep cell growth normal). Both the
transfected and the infected BmN cells were examined daily for egfp
ﬂuorescence.
Analysis of viral growth curves
BmN cells were infected with vBm, vBmDe and vBmRe at an MOI of
1, and the supernatant was harvested at various times post infection
(12, 24, 48, 72, 96 and 120 h). BV titration was performed using an
end-point dilution assay (TCID50) (O'Reilly et al., 1992).
DNA replication analysis by real-time PCR (qPCR)
A qPCR assay was performed to assess the viral DNA replication as
described previously (Vanarsdall et al., 2005, 2006). The primers,
Bm60352F (5′-CGTAGTGGTAGTAATCGCCGC-3′) and Bm60452R (5′-
AGTCGAGTCGCGTCGCTTT-3′) were designed and used to amplify a
100 bp regionwithin the gp41 ORF of BmNPV. To prepare total DNA for
analysis, BmN cells (1×106) were infected in triplicate with each virus
(vBm and vBmDe) at an MOI of 16. The high MOI might saturate the
infection and minimize the secondary infection. After 1 h incubation,
the inoculum was removed and replaced with fresh TC-100 medium.
The antiserum for Bm-GP64 was then added to the medium (10% the
medium volume) to neutralize the newly producing BVs and to block
secondary infection. The efﬁcacy of neutralizationwas veriﬁed by titer
determination (O'Reilly et al., 1992). Then, infected cells were
collected at various times post-infection (0, 12, 24, 48). Time zero
represents the time point when inoculum was removed after 1 h
incubation. Total DNA was puriﬁed from each sample, digested by
Proteinase K, phenol extracted, ethanol precipitated, dissolved in
double-distilled H2O (King and Possee, 1992) and digested with DpnI
(Fermentas). Prior to PCR, digested DNA concentrations were
quantiﬁed with Lambda 9 UV/VIS/NIR Spectrophotometer (Perkin
Elmer, USA) according to the manufacturer's instructions. Five
nanograms of the DNA sample were removed from the digestion
reaction and mixed with a SYBR Premix Ex Taq (TaKaRa) according to
the manufacturer's instructions. PCR was performed by using an ABI
Prism 7500 and the following conditions: 95 °C for 2 min, 40 cycles of
95 °C for 10 s, 58 °C for 32 s with a 500 mM concentration of each
primer. The quantities of viral DNA genome copies within each sample
were calculated using a standard curve generated from a dilution
series of the bacmid DNA.
Electron microscopy analysis of vBm, vBmDe and vBmRe infected
BmN cells
The BmN cell monolayer was infected with vBm, vBmDe and vBmRe
with an MOI of 1. At 72 h pi., the cells were harvested and ﬁxed in 2.5%
glutaraldehyde. The sections were prepared as previously described(Xu et al., 2008) and viewed under a JEM-1230 transmission electron
microscope.
Effect of Bm41-disruption of BmNPV on infectivity of B. mori larvae
The LD50 and LT50 were examined with ﬁfth instar larvae by
hemocoelic injection with different doses of BV (assessed from
TCID50) diluted in sodium chloride injection medium containing
ampicillin to prevent bacterial contamination (Katsuma et al., 2006).
B. mori larvae were intrahemocoelically inoculated with BV within
8 h after molting to the 5th instar. At least 90 larvae per dosage were
used to inoculate and the experiment was repeated three times.
Larvae serving as negative controls were injected with only sodium
chloride medium containing ampicillin. Mortality was recorded every
8 h after injection until larvae died or pupated. Probit analysis of
mortality data from bioassays was conducted using SPSS (ver13.0)
computer software (SPSS for Windows, SPSS Inc., 1997) (Throne et al.,
1995). The LT50 values for the tested isolates were derived from data
analysis on the progression of mortality in the larvae.
BV production in the hemolymph of B. mori larvae
In order to investigate the BV production in the hemolymph of B.
mori larvae, ﬁfth instar B. mori larvae were injected with BV of vBm,
vBmDe and vBmRe (20,000 pfu/larva). The hemolymph was collected
6.5 days p.i. and BV titers were determined by TCID50 using BmN cells.
Total RNA isolation and RT-PCR
Total RNA was isolated from BmN cells infected with BmNPV at an
MOI of 10. The total RNA was extracted at 0, 1, 1.5, 3, 6, 12, 24, 48, and
72 h post infection (p.i.) using the Trizol RNA extraction kit
(Invitrogen) according to the manufacturer's protocol. The extracted
total RNA was treated with RNase-free DNAse I (Takara) to remove
contaminating genomic DNA. For cDNA synthesis and PCR, 2 μg total
RNAwere used as the template per time point and transcribed by AMV
reverse transcriptase (Takara) and an oligo-p(dT)18 primer for ﬁrst
strand synthesis of cDNA. The cDNA mixtures were then ampliﬁed by
PCR using the Bm41-speciﬁc primers, 41RTF (5′-GAATTCATGACGTGG-
CCTTATTCCA-3′) and 41RTR (5′-CTCGAG TTACACGTAAATTAAAAT-3′).
Ampliﬁcation of β-actin with two primers, Actin F (5′-AATGGCTCCG-
GTATGTGC-3′) and Actin R (5′-TTGCTCTGTGCCTCGTCT-3′) was set as a
positive control. PCR products were analyzed on a 1.0% agarose gel.
Generation of Bm41 antiserum
Bm41 coding region was ampliﬁed from the BmNPV genomic DNA
by PCR with primers 41RTF (5′-GAATTCATGACGTGGCCTTATTCCA-3′)
incorporating an EcoRI site (underlined) and 41RTR (5′-CTCGAGTTA-
CACGTAAATTAAAAT-3′) with a XhoI site (underlined). The ampliﬁed
fragment was inserted into the pMD18-T vector (TaKaRa). The correct
Bm41 coding region was then subcloned into the expression vector
pGEX-6P-1 (Pharmacia, USA)with a glutathione S-transferase (GST) at
the N-terminus. The recombinant plasmid was transformed into E. coli
BL21 cells for expression under induction conditions of 2.8mM IPTG at
30 °C for 8 h. The fusionprotein, GST-Bm41was separated by SDS-PAGE
and then retrieved from the gel. The polyclonal antibody against
GST-Bm41 was prepared using standard techniques (Xu et al.,
2006). The prepared polyclonal rabbit antibody against GST-Bm41
was used for immunoassays.
Temporal expression of Bm41 and the speciﬁcity of the antibody
About 2×106 BmN cells were infected with BmNPV T3 strain
budded viruses (MOI of 10). At the designated time points (0, 3, 6, 12,
24, 48,72 and 96 h. p.i.), they were washed three times with cold 1×
192 C.-H. Tian et al. / Virology 387 (2009) 184–192PBS (0.14 M NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM KH2PO4, pH
7.4). The protein concentration of the cell extracts was determined by
Bradford (1976). Cell lysate (20 mg) was analyzed by SDS-PAGE and
subsequently subjected to western blot assay. To conﬁrm the
speciﬁcity of the antibody against Bm41, preparations of vBm- and
vBmDe-infected BmN cells were subjected to western blot analysis
using anti-Bm41 and anti-Bm79 sera, respectively.
ODV and BV preparation
About 2×106 BmN cells were infected with BmNPV at an MOI of
10. Three days p.i., the culture supernatant was collected and the BV
were puriﬁed from the supernatant according to the procedure
described byWang et al. (2005). The polyhedral inclusion bodies were
isolated from infected B. mori ﬁfth-instar larvae and puriﬁed by
sucrose gradient centrifugation as described by Summers and Smith
(1975). ODVwere isolated from polyhedral inclusion bodies according
to Braunagel and Summers (1994) and Caballero et al. (1992).
Effect of Bm41 disruption on late gene expression
To conﬁrm whether late gene expression may be inﬂuenced by
disruption of Bm41, BmN cells infected with the Bm41 disrupted virus
(vBmDe), rescued virus(vBmRe) and wt virus (vBm) were subjected to
western blot analysis 72 h p.i. using antiserum against three BmNPV
late gene products (Bm79, ODV-EC27 and polyhedrin).
Subcellular localization of Bm41 by immunoﬂuorescence
For immunoﬂuorescence, about 2×106 BmN cells infected with
BmNPV T3 strain (MOI of 10) were harvested at 24, 48 and 72 h p.i.
intervals, and treated as previously reported (Xu et al., 2008). The GST-
Bm41 polyclonal antiserum (diluted with PBS, 1:100) was used for the
reaction. Preimmune serum reacted with infected and uninfected cells
and anti-Bm41 reactedwith uninfected cells were used as the negative
controls. Cells were directly observed and photographed using a Leica
TCS-SP5 confocal laser scanning microscope.
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